Abstract 262 words; Text 4369 words; 3 Figures; 1 Table; 68 References 1526 words  19   20   21   22   23   2   1 Because predator-prey interactions in nature are multifarious, linking phenomenological 2 predation rates to the underlying behavioural or ecological mechanisms is challenging. Size-and 3 sex-specific predation has been implicated as a major selective force keeping animals small, 4 affecting the evolution of body size and sexual size dimorphism. We experimentally assessed 5 predation by various amphibian (frogs and toads) and arthropod predators (bugs, flies, spiders) on 6 three species of dung flies with similar ecology but contrasting body sizes, sexual size 7 dimorphism and coloration. Predators were offered a size range of flies in single-or mixed-sex 8 groups. As expected based on optimal foraging theory, some anurans (e.g. Bufo bufo) selected 9 larger prey, thus selecting against large body size of the flies, while others (Bombina variagata 10 and Rana esculenta) showed no such pattern. Small juvenile Rana temporaria metamorphs, in 11 contrast, preferred small flies, as did all arthropod predators, a pattern that can be explained by 12 larger prey being better at escaping. The more mobile males were not eaten more frequently or 13 faster than the cryptic females, even when conspicuously colored. Predation rates on flies in 14 mixed groups permitting mating activity were not higher, contrary to expectation, nor was 15 predation generally sex-specific. We conclude that the size-selectivity of predators, and hence the 16 viability selection pattern exerted on their prey, depends foremost on the relative body sizes of 17 the two in a continuous fashion. Sex-specific predation by single predators appears to contribute 18 little to sexual dimorphism. Therefore, the mechanistic study of predation requires integration of 19 both the predator's and the prey's perspectives, and phenomenological field studies of predation 20 remain indispensable. 21 22 ADDITIONAL KEYWORDS: body size -dimorphism -mating behaviour -mortality -23
INTRODUCTION 1
Predation is a fundamental ecological process that plays a central role in the evolution of animal 2 life histories and affects most if not all species (Roff, 1992) depending on habitat, ecological context, body size or taxonomic group, to only name the most 12 obvious factors. As a consequence, it is difficult to link phenomenological predation rates to the 13 underlying behavioural or ecological mechanisms, as called for by Blanckenhorn (2000 Blanckenhorn ( , 2005 14 when reviewing experimental studies of viability selection. This in turn is problematic for 15 generating realistic estimates for predictive ecological models in theoretical and applied contexts 16 (Kalinkat et al., 2011; Remmel et al., 2011) . 17
Size-and sex-specific predation has been suggested as a major selective force keeping 18 animals small and thus affecting the evolution of body size and sexual size dimorphism 19 (Blanckenhorn, 2000 (Blanckenhorn, , 2005 . Whereas the evidence for sexual and fecundity selection favouring 20 larger body size in males and females is overwhelming, counterbalancing selection forces 21 disfavouring large body size remain cryptic. If a majority of predators had reported preferences 22 for larger prey this problem might be solved. Importantly in this context, mortality risk of most 23 animals is mediated by behaviour at any life stage in many contexts: the hunting behaviour of the 24 predator, the evasion behaviour of the prey, or the foraging behaviour of either necessary to avoid 1 starvation (Ruxton et al., 2004; Blanckenhorn, 2005) . Optimal foraging theory postulates and 2 documents that predators are sensitive to the energy content and size of their prey (Stephens & 3 Krebs, 1986; Sih & Christensen, 2001 ). On the other hand, at one point prey become too big and 4 strong for any given predator requiring excessive handling time, or might no longer fit into the 5 predator's mouth (the concept of gape limitation: e.g. Truemper & Lauer, 2004) , implying an 6 optimal prey size in terms of profitability (i.e. energy obtained relative to energy invested: 7
Stephens & Krebs, 1986; e.g. Elner & Hughes, 1978) . Therefore, a rough positive correlation 8 between predator and prey size and, globally, intermediate predator-prey size ratios are expected 9 (Brose et al., 2006) . Taking the prey's perspective, however, studies often find viability 10 advantages of larger individuals, rather than the expected disadvantages based on optimal 11 foraging of the predator (Blanckenhorn, 2000 (Blanckenhorn, , 2005 . This relates to some extent to the hypo-12 allometric scaling of metabolic rate (Reim et al., 2006; Blanckenhorn et al., 2007) , but surely 13 also involves gains in strength aiding larger prey in escaping predation. Moreover, as they 14 transition through life stages, growing prey will likely consecutively pass through the optimal 15 size windows of various predators of ever larger size, facing predation risk at most times 16 (Wellborn, 1994; Berger et al., 2006; Mänd et al., 2007; Remmel et al., 2011) . It follows that the 17 mechanistic study of predation requires integration of both the predator's and the prey's 18 perspectives, but even when doing so might never be complete because the entire spectrum of 19 prey or predators cannot easily be covered. 20
Experimental studies of sex-and size-selective predation are uncommon but exist in the 21 literature. The topic seems to be of more interest in aquatic (fish, cladocerans, tadpoles, etc.) recently reviewed predation on holometabolous insect larvae feeding on plant leaves (folivory) 3 and found that birds preyed predominantly on larger larvae, while arthropod predators rather 4 preferred smaller prey (see also Sogard's (1997) review for marine fish). This result emphasizes 5 that when taking the predator's perspective, we may obtain a clear pattern, but when taking the 6 prey's perspective net selection on body size may well turn out to be unrelated to size because 7 usually several predators prey on the same species, some of which will prefer small and others 8 large individuals (e.g. Lüning, 1992; Rice et al., 1993). 9
Apart from body size, the sex of the prey should also matter. Even when of the same size, 10 males and females of a given species can behave very differently, ultimately affecting their 11 probability to be preyed upon. For example, predation risk has been found to be greater for the 12 sex attracting mates via acoustic or visual signals, or for the sex that has to move more or farther 13 to find mates. Thus, the sex competing more for mates, typically males, frequently faces greater 14 predation risk or energy expenditure when searching (Slagsvold et al., 1988; Magnhagen, 1991) Our aim was to obtain a more complete picture of size-and sex-specific predation in 24 another terrestrial system so as to generalize, verify or refute the patterns found for folivorous 1 insects (Remmel et al., 2011) . Our selection of predators and prey is necessarily idiosyncratic and 2 incomplete, however should be representative for the common pastoral habitat considered. We 3 expected that the larger vertebrate predators (mostly anurans) would prefer larger flies when 4 feeding on relatively small insect prey so as to optimize their energy gain, whereas the smaller 5 arthropod predators (bugs, flies, spiders) would rather select smaller individuals (if selective at 6 all) as larger prey require prohibitive handling (Brose et al., 2006). We further expected the more 7 mobile and often more colourful males to be subject to higher predation than the cryptic females, 8 and flies in a mixed setting permitting mating activity to be subject to higher predation than in amphibians are largely sit-and-wait predators but also actively orient towards moving prey. 5 6
Arthropod predators 7
As arthropod predators are small relative to their prey, we only used sepsids as prey for them. 8 (While Sc. stercoraria would cannibalize individuals of their own species regularly, the other two 9 predators would not regularly manage to catch this large prey species.) We in the end selected 10 three arthropod predators differing by taxon, in body size and hunting technique, after verifying 11 in the field that they in fact prey on sepsids: the jumping spider Heliophanus flavipes (Areanae: 12 Salticidae), an active hunter 5 -13 mm in total length; the damsel bug Himacerus mirmicoides 13 (Heteroptera: Nabidae), a sit-and-wait predator 11 -15 mm long; and the predatory yellow dung 14 fly Scathophaga stercoraria (Diptera: Scathophagidae), a sit-and-wait but also active hunter 6 -15 12 mm long. Predation experiments with Sc. stercoraria as predator and Se. cynipsea as prey 16 were performed around the time of the experiments with amphibian predators described above 17 
Size-dependent predation experiments 2
To investigate size-and sex-dependent predation, we set up single-sex and mixed-sex groups of 3 flies of varying body size. We examined 10 -28 replicate groups per predator and sex treatment. 4
In the experiments with amphibian predators, we randomly assigned 10 males, 10 females, or 5 5 males plus 5 females (in the mixed-sex case) prey individuals of various sizes (assessed by eye) 6 into a transparent 1.3 x 1.3 x 1.8 dm 3 experimental container. Because all amphibians swallow 7 their prey whole, all flies were measured before the experiment, and only the surviving flies were 8 measured again thereafter (to match individuals and calculate selection coefficients). 9
In the experiments with arthropod predators and male Se. thoracica as prey, we assembled 10 All test containers were provided with water, sugar, pollen and fresh cow dung, plus a 20 natural structure (plant leaf, branch, etc.) as potential shelter for the predators and the prey. For 21 the anuran predators we additionally added half a plant pot as shelter, a water dish and some soil. 22
In each single replicate, the prey flies were released into the test containers first and then given at 23 minimum 15 min to accommodate. The predator was added thereafter, marking the beginning of 24 the experimental period. Predators were starved for varying amounts of time (few hours to days) 1 before the experiment so as to be hungry, whereby their hunger level was not of interest here as 2 long as they caught prey. Experimental replicates were stopped when approximately half of the 3 flies were eaten, and the time this took was noted. This temporal calibration of the experiment 4 was necessary because the predators varied strongly in how fast they ate their prey depending on 5 species, hunger level, etc., and because selection coefficients cannot be computed if none or all 6 prey survived. The resulting selection differentials were analysed as outcome variables using general 20 linear models with predator and prey species, treatment (females only, males only, mixed sex) 21 and sex within treatment as fixed factors. For the amphibians that were used repeatedly, predator 22 individual was additionally entered as random effect. In such models the intercept can serve to 23 test for consistent selection across treatments, predator and/or prey species (cf. Fig. 1) . 24
RESULTS 2
Amphibian predators showed no systematic size selectivity regarding fly prey, whereas the three 3 arthropod predators generally ate more small flies, thus overall exerting positive viability 4 selection (Fig. 1) . The 95% confidence intervals of several individual selection differentials 5 overlap zero in Fig. 1 indicating no significance. Overall significant negative selection against 6 large prey was exerted only by the toad Bufo bufo on both Sc. stercoraria and Se. cynipsea 7 (significant intercepts in the separate models including all treatments (females, males, mixed): 8 while Sc. stercoraria took more female Se. thoracica (Fig. 3) . The latter result was unexpected 24
given that the orange Se. thoracica males were deemed much more conspicuous. 1 2 DISCUSSION 3
Our study revealed a systematic preference of three different arthropod predators (spider, bug, 4 fly) for smaller black scavenger flies Se. cynipsea and Se. thoracica, thus exerting positive 5 directional viability (i.e. predation) selection on body size of the latter. In contrast, the four 6 amphibian predators (frogs and toads) did not show a consistent prey selection pattern: the 7 common toad Bufo bufo preferred to eat larger flies of two species, thus exerting negative 8 predation selection, whereas the small common frog (Rana temporaria) metamorphs ate more 9 small flies, while the two other species tested were unselective ( spectrum prey can also become too small for a predator, approaching invisibility, an effect that 16 may result without necessarily invoking active selectivity as prey size falls under an assumed 17 detectability threshold. Therefore, the relationship displayed in Fig. 2 is expected to eventually  18 approach zero again and become curvilinear towards ever-larger predator/prey size ratios (to the 19 right; Vucic-Pestic et al., 2010), as hinted by our non-linear fit (which however is no better than 20 the linear fit here, based on AIC). Nevertheless, at this point the prey might no longer be 21 interesting for or even detected by many predators, ultimately resulting in no predation and hence 22 no data, as occurred for some of our tested amphibians (cf. Table 1 ). Even though we initially 23 tested several additional amphibian and arthropod predators, we perhaps necessarily ended up 24 with a less than optimal, seemingly haphazard assortment of predator-prey pairings that behaved 1 naturally in our experimental laboratory setting, which however should nonetheless be 2 representative and useful in this context. 3
In mixed-sex groups predation risk was not higher than in single sex groups (Figs. 1, 3 , 2010) . This was unexpected, as mating is a conspicuous 6 affair that should attract predators and at the same time distract the prey. However, while we 7 observed some mating activity during our experiments, it was not quantified here, so we cannot 8 address this hypothesis rigorously. We also expected predation rates to vary according to prey 9 sex, if only because of size dimorphism, but this did not occur in general, only in the cases of 10
Rana temporaria juveniles preying on Se. cynipsea and Sc. stercoraria preying on Se. thoracica 11 (Fig. 3) . In this context we expected the typically more mobile males to be subject to more 12 predation than females (Teuschl et al., 2010), which also did not happen: whereas Rana 13 temporaria juveniles indeed took more male than female prey, this was not the case for any other 14 predator (Fig. 3) . We conclude that sex differences in predation (i.e. viability) selection by single 15 predators appear to be rare and thus likely contribute little to sexual dimorphism (cf. 16 Blanckenhorn, 2000 Blanckenhorn, , 2005 . 17 Surprisingly, the conspicuous orange coloration of large Se. thoracica males did not make 18 them more vulnerable to predation by Sc. stercoraria, which in fact ate more females than males, 19 perhaps because they are more sluggish and easier to catch (Fig. 3) against a green grass background, this is not generally the case for amphibians (Fite, 1976) . 23
These results suggest that, at least for the sit-and-wait predators tested here, movement seems 24 more important than colouration (cf. Busso & Blanckenhorn, in review). 1
In conclusion, our study adds valuable experimental evidence to elucidating the factors 2 influencing size-selective predation by investigating a guild of sit-and-wait amphibian and 3 arthropod predators of insects inhabiting a common temperate grassland landscape. As each of 4 these predators imposes a different, sex-specific selection pressure on prey body size, from the 5 prey's perspective viability selection in the field must be integrated across various predators to 6 obtain net selection. This is experimentally difficult if not impossible given the multifarious 7 predator-prey relationships in any ecosystem, many of them unspecific. Functional investigations 8 of interactions between single predator and prey species, as conducted here, are a good start but 9 necessarily remain incomplete. More comprehensive phenomenological studies of selection in the 10 wild, which unfortunately typically do not consider predator species identity or investigate 11 concrete mechanisms, thus remain indispensable when taking the prey perspective (e.g. 
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This study is not particularly ambitious but it still provides valuable building blocks for our understanding of 6 the role of predators in the evolution of (insect) body size. The study is carefully performed and the text is 7 very well written. I have one concern about the statistical approach used (number 3) and a few 8 suggestions with respect to presentation which the authors may wish (but need not) to consider.
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General 11 12
1. My feeling is that the aims of the study as formulated at the end of the Introduction sound little too 
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The signs can -let's hope -be extrapolated. variables (e.g. 'female' for the variable 'sex'), and then to express the values for all other levels (e.g.
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"male") as "baseline + specific effect". As far as I understand, in such a case, the intercept is the value of 
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General comments:
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• I found the Introduction (up to the end of page 6) quite difficult to follow, and although its tough to
12
know exactly what is meant in a few places, I'm pretty sure I disagree with a few points made here (see 13 my specific comments). You address some of my specific concerns at points later in the paper, but the 14 way you make statements in the Introduction doesn't lead the reader to think that you will quality the 15 statements later. I also think it needs to be streamlined a lot, to make sure the background and significant
16
of your paper is clearly laid out.
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• On the whole, you haven't convinced me that the results you present are really that novel. Fig 1   18 results appear to be quite idiosyncratic. Fig 2 results 
50
Figure 1: its tough to pull out any general patterns from these panels. Is there a simple, more effective 51 way to show these results? These just seem like raw data -hard to pull out any general l mechanism here.
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Comments to the Author
3
Overall, I think figure is the heart of the paper. The selection gradients based on a community of foragers 4 are really exciting. I want to call this a signal of stabilizing selection, but since there were more than one 5 prey population in there, it's hard to say what it adds up to for a particular prey species. Perhaps you could 6 clarify on that point, or alter the graph to show it for each prey species? If you agree that figure 2 is the 7 centerpiece of your story, then I also think that the paper could use a little revising through the intro in 8 particular, as it doesn't really draw the reader toward this centerpiece. It seems to me to get a little lost in 9 other issues of phenomenology and size dimorphism. Perhaps if the 'community selection' idea is front 10 and center, and you ask secondarily if this has something to do with choosing males or females, then it 11 might be a bit more streamlined. I also added a few suggested edits and comments in the document. I 12 hope you find this useful, and of course, feel free to use or ignore whatever you like.
14
Phenomonological predation rates (P4, L13): At this point, it is hard to know what you might mean by this.
15
To me, rates are things per time -just measurements. There's nothing really phenomenological or 16 mechanistic about them. Models or theories that explain those rates might be, but I would want more
17
explanation here about what really is wrong with the 'rates'.
19
Last to their prey, they tend to take the smallest individuals. I think this mean that for a given prey type, the 26 largest and smallest predators that eat the prey exert stabilizing selection on prey size.
27
Since handling time comes after, it would be good to be clear whether you think it is that the time cost of 28 handling slows searching or whether the predators are trying to choose prey with low handling times.
29
Could you add a subplot to figure 2 with size ratio and say, something like fraction of prey eaten, to see if 
